Body measurements can be used in determining body size to monitor the cattle growth and 29 examine the response to selection. Despite efforts putting into the identification of common 30 genetic variants, the mechanism understanding of the rare variation in complex traits about body 31 size and growth remains limited. Here, we firstly performed GWAS study for body measurement 32 traits in Simmental cattle, however there were no SNPs exceeding significant level associated with 33 body measurements. To further investigate the mechanism of growth traits in beef cattle, we 34 conducted whole exome analysis of 20 cattle with phenotypic differences on body girth and length, 35
Agricultural Science, Beijing, China 8 -7 -down the list to 1158 rare variants, which could be mapped to 299 genes. To obtain precise genetic 208 variants for different traits, the same variants filtering was applied to those genetic variants shared 209 by all the samples in the other three trait groups. Finally, we identified 302, 263, and 283 genes 210 associated with the rare variants for BG_L, BL_H, and BL_L groups respectively. 211
As shown in Figure 3B , the four trait groups shared some associated genes. Basically, there 212 were relative less shared genes between two BG groups (BG_H and BG_L) and BL groups (BL_H 213 and BL_L). To provide an overview for those genes, we performed functional enrichment on all 214 the identified 886 unique genes (union analysis, Table S3 ). The interesting finding was that these 215 genes were more likely to be involved in various developmental processes ( Figure 3C , Table S4 ), 216 including single-organism development process (adjusted P-value = 2.71E-08), developmental 217 process (adjusted P-value = 5.72E-08), anatomical structure morphogenesis (adjusted P-value = 218 2.40E-06), multicellular organism development (adjusted P-value = 7.23E-06), and nervous 219 system development (adjusted P-value = 4.86E-02). In addition, we also identified a number of 220 organelle organization related functional GO terms, including cellular component organization 221 (adjusted P-value = 5.79E-04), cellular component organization or biogenesis (adjusted P-value = 222
1.37E-03), organelle organization (adjusted P-value = 1.94E-03), single-organism organelle 223 organization (adjusted P-value = 3.00E-03), and movement of cell or subcellular component 224 (adjusted P-value = 3.67E-02). The further KEGG pathway analysis revealed that these genes 225
were significantly over-represented in six pathways, including Laminin interactions (adjusted P-226 value = 1.13E-05), Collagen formation (adjusted P-value = 3.12E-04), Extracellular matrix 227 organization (adjusted P-value = 1.92E-03), Collagen biosynthesis and modifying enzymes 228 (adjusted P-value = 1.50E-02), Assembly of collagen fibrils and other multimeric structures 229 (adjusted P-value = 4.16E-02), and Rho GTPase cycle (adjusted P-value = 4.61E-02). 230 231 3.4 Genetic and network difference between high and low body measurement phenotype 232
groups in cattle 233
Our focus on those samples with the same characteristics of a trait can help identify the shared 234 genetic variations. For instance, we identified 45,896 and 42,607 shared variants among five 235 samples from high and low phenotype groups of body girth trait (BG_H and BG_L), respectively. 236
By intersecting these two set, we characterized 17,466 and 14,177 genetic variations unique for 237 BG_H and BG_L samples (Figure 4) . The same intersecting analysis was applied to two groups of 238 body length trait (BL_H and BL_L), and 14,774 and 17,399 genetic variations were found unique 239 to BL_H and BL_L respectively. 240
Regardless of the cause, traits with high degree of genetic correlation (whether positive or 241 negative) are generally considered to be under the control of the genes with linkage or pleiotropy. 242
Since BG and BL are highly positive genetic related traits, we further focused on those genetic 243 variations shared by the similar phenotype with higher value in BG_H and BL_H samples, which 244 may be associated with growth and gain of weight of cattle. As shown in Figure 4 , there were a 245 -8 -total of 3358 genetic variants shared between BG_H and BL_H groups. The same intersecting 246 analysis identified 2968 variants shared by the lower phenotype groups in BG_L and BL_L 247 samples. By conducting step-by-step variant filtering, we first harvested 69 nonsynonymous rare 248 variants for both high groups (BG_H and BL_H), which could be mapped to 62 genes (Table  249 S5_a). For example, BIN2 and ERAP1 had rare mutations at donor or acceptor sites in the splice 250 region. There were two rare mutations were located in ANGEL2 and SPATA22 occurred in the 5' 251 UTR; and two insertion/deletion in the corresponding genes, CLSPN and MUC3A, respectively 252 caused the disruption of the open reading frame. Most importantly, we identified four missense 253 variants in the coding region of four genes, SCN5A, BOLA-DRB3, FADS2 and 254 ENSBTAG00000046327, which may lead to the functional changes or even deficiencies of the 255 encoding proteins. The same approach was applied to BG_L and BL_L groups and identified 66 256 genes with 67 nonsynonymous rare variants shared between these two low groups (Table S5_b) . 257
For example, EDN3 and AKR1E2 had rare mutations at donor or acceptor sites in the splice region; 258 seven rare mutations induced to frameshift of the coding region in IGFN1, LPIN1 and other five 259 genes. It is noted that one missence mutation occurred in a novel gene, ENSBTAG00000007696, 260 which encode an uncharacterized protein involving endoplasmic reticulum (ER) to Golgi vesicle-261 mediated transport and protein localization to pre-autophagosomal structure. Gene ontology and 262 pathway annotation analysis showed that all shared 62 and 66 genes in phenotypic differences 263 participate in many biological processes related to the growth and development of the organism, 264 such as regulation of cell differentiation and proliferation (EDN3), growth factor activity 265 (VEGFC), fatty acid biosynthetic and metabolic process (FADS2), bone morphogenesis (GLG1), 266 and signal transduction (MRAS, TYK2 and GSK3B) . 267
The co-expressed genes in cell may mediate similar biological function and form connected 268 functional modules to play a pivotal role. Previous studies revealed that the whole co-expression 269 network in cattle ('interactome') (1) follows a power-law degree distribution, (2) exhibits the 270 small world behaviour and (3) tends to be modular (Beiki et al., 2016; Chen et al., 2017; Ghorbani 271 et al., 2015) . Therefore, identification of sub-networks with special characteristics using graphical 272 approaches can also lead to biologically relevant insights. In general, the densely-interconnected 273 gene-gene pairs in a global co-expression network often correspond to functionally related groups 274 of genes that can be defined as modules. To further explore the biological function and improve a 275 systems-level understanding of the relations for the 62 (shared by two high groups in BL_H and 276 BG_H) and 66 genes (shared by two low groups in BL_L and BG_L) from strict filtering, we 277 performed the gene co-expression based network analysis on the two gene lists separately. By 278 using a module extraction algorithm, we connected those input genes as more as possible. 279
Therefore, there were two types of genes in the final output network: the genes from our 280 interesting genes and the linker genes to connect those genes. As shown in Figure 5 , the 281 reconstructed sub-network specific for the 62 genes shared by the higher phenotype groups (BL_H 282 -9 -and BG_H) was distinct from the 66 genes shared by the lower phenotype groups (BL_L and 283 BG_L) in terms of their gene co-expressions. 284 285
Discussion 286
Growth traits like body height, length and girth are classic quantitative traits, reflecting the 287 combined influence of multiple polygenic factors. Thus, the study of growth traits is an ideal 288 opportunity to dissect the architecture of a highly polygenic trait in human, animal or livestock. 289
Several common variants associated with phenotypic variation in human height were detected, 290 such as two variants in the region of HMGA2 (Weedon et al., 2007) and GDF5-UQCC (Sanna et 291 al., 2008) . Moreover, a meta-GWAS analysis for human height identified ten newly loci strongly 292 associated with variation in height, and found several pathways, like let-7 targets and Hedgehog 293 signalling, as important regulators of human stature (Lettre et al., 2008) . However, these 294 significant loci together only account for around 2% of the population variation in height together. 295
Similarly another study found that hundreds of variants clustered in genomic loci also explained 296 no more than 10% phenotypic variation (Lango Allen et al., 2010) . On the other hand, the same 297 researches on dissection the genetic variants of body size traits have been conducted on livestock 298 like sheep (Berenos et al., 2015) , cattle (Gutierrez-Gil et al., 2009 ), pig (Guo et al., 2015 . 299
Numerous candidate regions and genes have been screened. For instance, the candidate gene 300 NCAPG where a non-synonymous but chemically conserved variant was proposed to be a 301 potential causative variant for body frame size in cattle (Setoguchi et al., 2011) . Similarly, SNPs 302 resided in NCAPG and LCORL genes have also been reported to be associated with several body 303 size traits for horse breeding (Signer-Hasler et al., 2012) . Overall, GWAS studies have identified 304 large numbers of loci and variants that implicate biologically relevant genes and pathways of 305 growth traits; however, they mainly focused on the common genetic variants and explained a 306 limited genetic contribution. Thus, additional approaches are needed to fully dissect the genetic 307 architecture of growth traits. Traditionally, growth traits are included in selection criteria of beef 308 cattle breeding programs, and specifically body length and girth have been shown to be a useful 309 predictors for cattle liveweight (Enevoldsen and Kristensen, 1997) (Lukuyu et al., 2016) . 310
Considering that our GWAS results for five growth traits (body length, height, hip height, heart 311 girth, and abdominal girth) have no significant loci detected (P < 5×10 -7
) in beef cattle, we used 312 exome sequencing analysis to capture the rare and novel variants associated with body length and 313
girth. 314
Through the gene annotation and functional enrichment analysis for candidate rare variants in 315 four trait groups (BG_H, BG_L, BL_H and BL_L), 886 unique genes in four trait groups were 316 found to be associated with various developmental processes and organelle organization related 317 functional terms. Interestingly, multiple genetic loci for body size were also confirmed to be 318 associated with developmental pathways by using GWAS studies in Chinese Holstein cattle 319 (Zhang et al., 2017) . We also identified a number of organelle organization related functional 320 -10 -terms. For Eukaryotic organisms, there is precise regulatory mechanism on their growth across the 321 diverse length scales of biological organization. Recent studies in intestine of C. elegans worm 322 revealed that the volume of the nucleolus is directly proportional (isometric) to cell size during 323 larval development (Uppaluri et al., 2016) . Furthermore, the relative size of the nucleolus is 324 predictive of the growth rate of the entire worm. Similarly, our result suggested that the growth in 325 organelle level could be involved in the growth in tissue and body development. 326
In addition, six significantly over-represented pathways were identified by KEGG pathway 327 analysis for these genes, which are mainly related to the Collagen formation and biosynthesis, 328
Collagen and modifying enzymes, and Collagen fibrils assembly. Previously studies reported that 329 the diameter of collagen fibrils could increase gradually during embryogenesis, tissue growth and 330 body size (Pilotto and Filosi, 1977) . Recent molecular mechanism studies revealed that hydrolysed 331 collagen intake could increase bone mass of growing in rats (Takeda et al., 2013) . Combined with 332 the results from GO enrichment analysis, our results highlight the potential importance of collagen 333 formation and organelle organization for body size growth in multicellular organisms. 334
Since body girth has highly positive genetic correlation with body length, the analysis of 335 those genetic variants shared by same level (higher or lower) of BG and BL samples may help to 336 further identify candidate genes associated with growth and gain of weight in cattle. As shown in 337 Figure 5 , we reconstructed sub-network specific for 62, 66 genes shared by BL_H and BG_H, 338 BL_L and BG_L group respectively to investigate their gene co-expressions. In the sub-network 339 of high phenotype in BL_H and BG_H groups, the INTS1, a subunit of the integrator complex and 340 mediated 3-prime end processing of small nuclear RNAs U1 and U2, was co-expressed with ALK, 341 which plays an important role in the cell growth and brain development, and exerts its effects on 342 specific neurons in the nervous system. (Motegi et al., 2004) We also found a linker gene B2M 343 (Beta 2-Microglobulin), a component of the major histocompatibility complex in chordates, which 344 has growth factor-like activity for cultured rat cells (Centrella et al., 1989) and thus may have an 345 impact on the body length and girth of cattle. Meanwhile, another calpastatin gene CAST mapped 346 to BTA7 was also linked to multiple growth-related traits in view of our QTL-based analysis 347 (Table S6_a) . Basically, previous studies suggested that CAST was associated with insulin-like 348 growth factor 1 (IGF-1) levels and body weight, which may imply its key role in the body growth 349 (Pintos and Corva, 2011) . Another GWAS study proposed CAST gene also as a functional and 350 positional candidate gene for carcass and meat quality traits in beef cattle (Curi et al., 2010; Curi 351 et al., 2009) . In general, comparing to GWAS-based association studies, our rare variants-based 352 approach is powerful to identify genes directly affect phenotype at the molecular level, rather than 353 merely conferring the association or risk. Therefore, these genes may have potential direct links to 354 the body size control at the cellular level. Moreover, we focused on the network for the 66 genes 355 shared by the lower phenotype in BL_L and BG_L groups, and found two genes (DSC2 and 356 DZIP3) associated with multiple reproductive traits such as conception rate and daughter 357 pregnancy rate (Table S6_b) . Additionally, the putative candidate gene TOP2B is known to be 358 -11 -associated with various neurodevelopmental conditions (Harkin et al., 2016) , and a recent study 359 suggested that de novo TOP2B mutation may lead to global developmental delay and intellectual 360 disability (Lam et al., 2017) . In summary, our study has identified many co-expressed genes with 361 genetic rare mutations. A number of these genes are turned out to be associated with other 362 complex traits, which suggest their potential links to phenotypes. 363
In conclusion, we have presented the first whole exome-capture sequencing study of body 364 girth and length for Simmental cattle and the network view of genetic changes against the whole 365 proteome in cattle. Our study provides not only a comprehensive genetic resource of beef cattle 366 for the effective breeding but also illustrated a comprehensive mutational catalogue for body 367 growth-related trait. The identified genes may reveal the importance of collagen formation and 368 organelle organization for body size growth in multicellular organisms. By analysis the genes with 369 rare nonsynonymous variants, we identified several genes with association to body growth and 370 reproduction. 
